Scanning Probe Microscopes (SPMs) observe specimen surfaces with probes by detecting the physical amount of a material between the cantilever and the surface. SPMs have a high resolution and can measure mechanical characteristics such as stiffness, adsorptive properties, and viscoelasticity. These features make it easy to identify the surface structure of complex materials; therefore, the use of SPMs has increased in recent years. Wood cell walls are primarily composed of cellulose, hemicellulose, and lignin. It is believed that hemicellulose and lignin surround the cellulose framework; however, their detailed formation remains unknown. Therefore, we observed wood cell walls via scanning probe microscopy to try to reveal the formation of the cellulose framework. We determined that the size of the cellulose microfibril bundle and hemicellulose lignin module composite was 18.48 nm based on topography and that the size of the cellulose microfibril bundle was 15.33 nm based on phase images. In the viscoelasticity image, we found that the viscoelasticities of each cell wall of the same cell were not the same. This is because the cellulose microfibrils in each cell wall lean in different directions. The angle between the leaning of the cellulose microfibril and the cantilever affects the viscoelasticity measurement.
Introduction
Scanning Probe Microscope (SPM) is a collective term for scanning-type microscopes that do not have a lens for measurement such as Atomic Force Microscopes (AFMs), Scanning Tunneling Microscopes (STMs), and Scanning Near-Field Optical Microscopes (SNOMs). SPMs measure specimen surfaces by detecting the physical amount of material between a sharp tip mounted on a cantilever and the surface. SPMs have a higher resolution than scanning electron microscopes, transmission electron microscopes, and optical microscopes. SPMs can have a vertical resolution of 0.01 nm and a horizontal resolution of 0.2 nm. In addition, they can measure various types of specimens, e.g., dried, wet, conductive, or insulating, in various conditions, e.g., in atmospheric conditions, under water, or in a vacuum. Importantly, SPMs can measure not only topography but also mechanical characteristics, such as stiffness, adsorptive properties, and viscoelasticity, at the same time. These features of SPMs enable the characterization of a surface at a high resolution. Therefore, the application of SPMs for observations of some types of materials, such as metal, ceramic, and biological objects, has been increasing in recent years [1] [2] [3] [4] .
Wood is composed of two types of cells: one aligned in the direction of the tree stem axis and the other aligned in the direction of the radius of the stem (Figure 1(a) ). Tracheids are one of the former cell types and are the primary elements composing conifers. They are fusiform-shaped, that is, the length of their axial direction is approximately 3 mm and their width is 30 -50 μm. Tracheids play a role in conducting tissues and provide support. The shape of the cross-section of a tracheid is nearly square, and we refer to the cell walls in the radial direction as the radial walls and those in the tangential direction as the tangential walls (Figure 1(b) ). Tracheid cell walls are composed of a primary wall and a secondary wall, and each cell is adhered by a middle lamella. The primary wall is formed at the surface layer of a cell when the cell is elongating and enlarging, and the secondary wall is formed interior to the primary wall after the cell has finished enlarging. The secondary wall has a specific composition for wood. It is composed of a tough microfibril framework and an amorphous substance that surrounds the microfibril. The cellulose microfibril aggregation is composed of several bunched cellulose molecules, and its cross-sectional size is thought to be 16 -20 nm [5] . As shown in Figure 1 (c), the secondary wall is divided into layers, S1 (the outer layer), S2 (the middle layer), and S3 (the inner layer), and the orientation of the cellulose microfibril in each layer is different [6] . The tilting directions of the cellulose microfibrils are also different. The orientation of S1 and S3 is an s-helix (a left-hand screw), while the orientation of S2 is a z-helix (a right-hand screw). The microfibril angle is also different; the angle of S2 is 5˚ -30˚ while those of S1 and S3 are larger. In addition, S2 is much thicker than other walls and occupies 70% -80% of the cell wall. Therefore, S2 primarily determines the mechanical properties of the wood.
Wood cell walls are composed of cellulose, hemicellulose, and lignin [7] . In simple terms, the structure of a wood cell wall resembles reinforced concrete, with cellulose, lignin, and hemicellulose playing the roles of steel rods, concrete, and wire to strap together the steel rods and concrete, respectively [8] . However, their exact formation in the cell wall remains uncertain. Fahlén and Salmén [9] and Ruel and Goring [10] have stated that the S2 layer consists of concentric lamella, and Sell and Zimmermann [11] have demonstrated the radial formation of the cellulose microfibril and the matrix substance. Conversely, Zimmermann et al. [12] have shown that the cell wall components are randomly arranged in the cell wall. Primary wall is so thin; therefore, it is difficult to dived compound middle lamella into middle lamella and primary wall. The cell walls in the radial direction are called the radial walls and those in the tangential direction are called the tangential walls. Inside the cell wall, there is lumen; (c) Multilayered tracheid. The secondary cell wall is divided into layers, S1 (the outer layer), S2 (the middle layer), and S3 (the inner layer), and the cellulose microfibrils in each layer are variously oriented. The microfibril orientation of S1 and S3 is an s-helix (a left-hand screw), that of S2 is a z-helix (a right-hand screw), and that of P (the primary wall) is random.
In this study, we used SPM to observe wood cell walls. SPM can simultaneously measure topography and mechanical properties at high resolutions, which makes it easy to identify construction elements. Measurement instruments used in past studies have had the following features. Confocal Raman microscope, which obtains composite information, cannot distinguish the construction elements of a wood cell wall due to its low resolution [13] . SEM and TEM have higher resolutions than Raman microscopes but only in measuring topography; therefore, they cannot distinguish between cellulose microfibril, hemicellulose, and lignin on the basis of their configurations.
We observed the S2 layer of wood cell walls by using SPM with the aim of distinguishing the wood cell wall formation in detail.
Material and Method
It is desirable that a specimen surface be as smooth as possible for SPM measurements because the vertical resolution of SPM is so high that a small amount of asperity could affect the observations. In particular, in phase imaging, large asperity makes it difficult to observe differences in the mechanical properties. It is also necessary that the exact difference in the mechanical properties of a compositional element of the cell wall be observed.
Sample Preparation
A 19-year-old and a 3-year-old Cryptomeria japonica were obtained from an experimental forest at the Nagoya University. These samples were prepared according to the following method. Specimens were cut to a size of 2 mm × 2 mm × 5 mm using a box-cutter and dehydrated with an ethanol series (50%, 70%, 95%, and 100%). Then, they were replaced with increasing ratios of propylene oxide; after which, the propylene oxide was replaced with increasing ratios of epoxy resin. After resin polymerization in an oven, the entire resin block with the sample was attached to a sample stage. In the same way, cellulose microcrystalline and Klason lignin were embedded in the epoxy resin to form a standard sample. The samples were trimmed with a razor blade. Then, they were trimmed with a DiATOME (Type: Trim 45) to a cross-sectional size of 1 mm in the radial direction and 0.5 mm in the tangential direction. Via a rotary microtome using a SYMKnife (Type: SYM2045), 1 μm thick sections were obtained. The sections were placed on silicon wafers and dried in an electrical heater. We observed the dried sample using SPM.
SPM Observations
In this study, we used SPM (HITACHI AFM5000 and AFM5200S), which has two measurement modes: Dynamic Force Microscope (DFM) and Viscoelasticity Atomic Force Microscope (VE-AFM). DFM is more suitable than AFM for observations of specimens that are soft or adsorptive. A resonated cantilever measures the specimen surface in the DFM mode. The oscillation amplitude of a cantilever is sensitive to the distance between the cantilever and the surface. Cantilevers scan the surface by maintaining their distance and a constant oscillation amplitude to obtain images. In this mode, we obtained the topography and phase images. Conversely, in the VE-AFM mode, we obtained the topography and the viscoelastic images. Viscoelastic images are created from the flexural oscillation of the cantilever. The sample is vibrated vertically. Due to the agency of the viscoelasticity between the cantilever and the sample surface, the input signal of the longitudinal vibration added to the samples is split between the flexural oscillation of the cantilever and the sample deformation in the output signal. Therefore, in hard areas, the sample deformation is small and the flexural oscillation of the cantilever is large. In this mode, we can obtain more accurate differences in the hardness because the cantilever directly pushes the specimen (in DFM mode, components such as adsorption and electrostatic forces affect the phase lag).
Results

Topography Measurements
We obtained the topography in both DFM and VE-AFM modes. The measurement principle for obtaining the height information for both modes is based on the z-axis displacement of the cantilever. As shown in Figure 2 area is higher; therefore, the epoxy resin had a lower relief than the cell. The S2 cell wall image observed at a higher magnification is shown in Figure 2(c) , and its 3D image is shown in Figure 2(d) . In these images, multiple circular structures were observed, and these structures formed a nub-like structure. We focused our attention on the circular structure indicated by the black arrow. This structure may indicate a cellulose microfibril because the wood cell wall is composed of a material component (cellulose) and an amorphous component (hemicellulose and lignin). We measured the diameters of these structures and found them to be 18.48 nm. Terashima we concluded that these structures were composites of cellulose microfibril bundles and hemicellulose lignin modules. That is to say, it is likely that the circular structures are composed of a cellulose axis and surrounding hemicellulose and lignin.
However, this is difficult to prove based on just the shape and size; therefore, we compared the phase images.
Phase Measurements
Phase images are made by detecting the phase lag between the input signal, which is added to the vibrating cantilever, and the output signal, which depends on the mechanical properties of the specimen surface (Figure 3(a) ). If the specimen is hard or has low adsorptive properties, the phase shift is small. Darker colors indicate that the phase shift is small and lighter colors indicate that the phase shift is large; therefore, the phase shift of the circular structure was smaller than that of the substance around it. We can also observe the cellulose microcrystalline and the Klason lignin embedded in the epoxy resin in the standard sample. Therefore, the size measured in the phase image was smaller than that measured using topography. We consider this difference below.
Wood cell walls are composed of cellulose, hemicellulose, and lignin, and it is thought that hemicellulose and lignin surround the cellulose. When cutting the crosssection, circular structures, whose center cores are cellulose, and matrix substances that enclose the cellulose (composites of cellulose microfibril bundles and hemicellulose lignin modules) both appear on the specimen surface as nubs. In the topography image,
we measured the sizes of these nubs as circular structures. Conversely, in the phase image, we could distinguish the phase lags of the cellulose and matrix substances, and therefore we measured only the cellulose as the circular structures. That is, the circular structure in the topography indicated composites of cellulose microfibril bundles and hemicellulose lignin modules while that in the phase image indicated cellulose microfibril bundles. Each size is similar to those reported by Terashima et al. [14] .
Based on the phase image, we also revealed the spatial pattern of the cellulose and matrix substances in the cross-section of the wood cell wall. 
Viscoelasticity Measurements
Viscoelastic images are created from the flexural oscillation of the cantilever. This depends on the viscoelastic agency between the cantilever and the sample surface ( Figure   4 (a)). We hypothesized that the differences in the viscoelasticity in the tangential walls were due to the z-helical structure of the cellulose microfibril. The z-helical structure causes the tilt of the cellulose microfibril in the upper tangential wall to be opposite to that in the lower tangential wall. Conversely, the direction that the cantilever applied its To prove this, we rotated the specimen 90˚ to the right and observed it again. By rotating the specimen, the cantilever applied a different load to the specimen not on the tangential walls but on the radial walls. Therefore, we projected that the difference in the viscoelasticity would occur in the radial walls. The result is shown in Figure 4 (d).
The right and left cell walls are the tangential walls and the upper and lower cell walls are the radial walls. As shown in Figure 4(b) , the colors of the tangential walls are the same but those of the radial walls are different. Therefore, the viscoelastic difference is not a characteristic of the tangential wall; rather, it appears due to differences in the direction that the cantilever applies its load to the specimen (i.e., the difference appeared in the tangential walls in Figure 4 (b) and in the radial walls in Figure 4(d) ).
This viscoelastic difference in the tangential walls was observed only in the 3-yearold wood sample, not in the 19-year-old sample. This is because the 3-year-old sample was juvenile and the microfibril angle of S2 is larger than that in the 19-year-old sample. Subsequently, we need to research how much the tilt affects the viscoelasticity differences and we need to calculate the microfibril angle from the viscoelastic images.
Conclusions
In this paper, we reported observations of wood cell walls by using a SPM. The ability of SPM to simultaneously observe the topography and mechanical characteristics at high resolutions easily allowed detailed observations of wood cell walls. We found from differences in the mechanical properties of each material that a matrix substance (hemicellulose and lignin) surrounded the cellulose in the cell wall. The phase lag of cellulose was smaller than that of the matrix substance. Regarding the cellulose microfibril size, we found that the cross-sectional size of cellulose microfibril bundles was 15.33 nm and that composites of cellulose microfibril bundles and hemicellulose lignin modules had a cross-sectional size of 18.44 nm.
In addition, we obtained new information concerning the tilt of the cellulose microfibrils. That is, the viscoelasticity of cell walls of the same cell were different due to the tilting of the cellulose microfibril resulting from the z-helical structure. We can see this difference only when the microfibril angle of the S2 layer is large.
